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The equilibrium adsorption isotherms of carbon dioxide on a commercial granular acti-
vated carbon (GAC) and an ammonia-modiﬁed GAC (OXA-GAC) were measured using a static
volumetric method. CO2 adsorption measurements were performed at three different tem-
peratures (303, 318, and 333 K), and pressures up to 1 atm. The obtained equilibrium data
were ﬁtted to the Freundlich, Sips, and Toth isotherms using a semi-empirical approach to
differentiate the contributions of physical and chemical adsorption to the total CO2 uptake.
The  isotherm parameters were determined independently for each mechanism by non-
linear regression. To evaluate the adequacy of the ﬁt of the isotherm models, two different
error  functions (i.e., the average relative error and the nonlinear regression coefﬁcient) were
calculated. The Toth semi-empirical equilibrium model provided the best ﬁt to the exper-
imental data, with average relative errors of less than 3% observed at all temperatures.
The  isosteric heats of CO2 adsorption onto the ammonia-modiﬁed adsorbent and onto the
untreated adsorbent were determined using the Clausius–Clapeyron equation. The load-
ing  dependence of the isosteric enthalpy of CO2 adsorption over the OXA-GAC reﬂected an
energetic heterogeneity of the adsorbent surface. The initial isosteric heats of adsorption
of  70.5 kJ mol−1 and 25.5 kJ mol−1 correspond to the adsorption of CO2 on the modiﬁed and
untreated adsorbents, respectively, and these values were in excellent agreement with the
zero-coverage heats of adsorption obtained using the temperature-dependent parametersof  the proposed model.
© 2015 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
Siriwardane et al., 2001). As a result, various CO2 separa-1.  Introduction
Global warming and related environmental damage asso-
ciated with emissions of carbon dioxide (CO2), the most
signiﬁcant greenhouse gas, have long been recognized to
represent a potential serious threat to the future of the
earth’s environment (Bezerra et al., 2011; Jadhav et al., 2007).
The primary source of anthropogenic CO2 emissions is the
∗ Corresponding authors at: Department of Chemical Engineering, Fac
Malaysia. Tel.: +60 3 79675297; fax: +60 3 79675319.
E-mail addresses: ms.shafeeyan@gmail.com (M.S. Shafeeyan), a.sha
http://dx.doi.org/10.1016/j.cherd.2015.07.018
0263-8762/© 2015 The Institution of Chemical Engineers. Published by combustion of fossil fuels such as coal or natural gas for
the production of electricity (Mulgundmath and Tezel, 2010;
Shafeeyan et al., 2014). Because fossil fuels are likely to remain
the predominant energy source all over the world, CO2 emis-
sions must be reduced to mitigate the unfettered release of
this greenhouse gas into the atmosphere (Garcés et al., 2013;ulty of Engineering, University of Malaya, 50603 Kuala Lumpur,
miri@um.edu.my (A. Shamiri).
tion techniques, such as liquid solvent absorption, membrane
Elsevier B.V. All rights reserved.
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ceparation, cryogenic separation, and adsorption processes
ncluding pressure/vacuum swing adsorption (PSA/VSA) and
emperature swing adsorption (TSA), are currently under
nvestigation (Gomes and Yee, 2002; Xu et al., 2002). Currently,
bsorption with amine-based absorbents is the preferred
echnology for the large-scale separation of CO2 from the
ue-gas streams of fossil-fuel-based power plants. How-
ver, this method suffers from several signiﬁcant drawbacks
hat impede its implementation, including low efﬁciency,
igh energy consumption during the regeneration process, a
igh equipment corrosion rate, oxidative degradation of the
mines, and ﬂow problems caused by viscosity (Houshmand
t al., 2013; Rinker et al., 2000; Veawab et al., 1999). The devel-
pment of alternative, lower lower-cost, energy-efﬁcient CO2
emoval technologies is therefore important.
The separation and puriﬁcation of gas mixtures by adsorp-
ion is a potential option because of its ease of operation,
igh adsorption capacity, minimal environmental impact, low
ost, and efﬁcient recovery of the solute compared to conven-
ional absorption with liquid solvents (Cavenati et al., 2004;
oushmand et al., 2012; Serna-Guerrero et al., 2010a). Par-
icularly, pressure-swing adsorption (PSA) has a number of
ttractive characteristics, such as its applicability over a rela-
ively wide range of temperature and pressure conditions, its
ow energy requirements, and its low capital investment costs
Delgado et al., 2006; Mutasim and Bowen, 1991). The last three
ecades have seen a tremendous growth in research into and
ommercial applications of CO2 removal from various ﬂue-
as mixtures by PSA processes (Siriwardane et al., 2001; Yong
t al., 2002). The development of an easily regenerated and
urable adsorbent with fast adsorption/desorption kinetics, a
igh selectivity and a high adsorption capacity will undoubt-
dly enhance the competitiveness of adsorptive separation for
O2 capture in ﬂue-gas applications (Lu et al., 2009; Su et al.,
010). Among all adsorbents, activated carbon offers several
dvantages as a CO2 adsorbent: an inherent afﬁnity for CO2, an
asy-to-design pore structure, insensitivity to moisture, ease
f regeneration, stability over a large number of cycles, and
n appealing low cost (Bezerra et al., 2011; Houshmand et al.,
011a; Sjostrom and Krutka, 2010).
The CO2 adsorption performance of activated carbon is well
nown to be strongly inﬂuenced by modiﬁcation of the surface
hemical properties of the activated carbon (Arenillas et al.,
005; Plaza et al., 2009; Shafeeyan et al., 2010). Inspired by the
urrent liquid-phase amine scrubbing technology, researchers
ave incorporated different basic nitrogen functional groups
nto the carbon surface for CO2 removal from gaseous mix-
ures at relatively high temperatures (Przepiórski et al., 2004;
hafeeyan et al., 2015; Zhang et al., 2010). This approach is
xpected to exploit the strong chemical interactions between
O2 and the attached basic nitrogen functionalities on the sur-
ace, as well as the low energy requirements, to regenerate the
olid adsorbent (Drage et al., 2007; Houshmand et al., 2011b;
nowles et al., 2006; Maroto-Valer et al., 2005; Plaza et al., 2007).
everal authors have proposed modifying activated carbon
ith gaseous ammonia in the presence or absence of oxygen
s a suitable technique to produce efﬁcient CO2 adsorbents
hat maintain high uptakes despite moderately high tempera-
ures (Pevida et al., 2008b; Plaza et al., 2009, 2010). In particular,
n a previous study (Shafeeyan et al., 2012), a commercial
ranular activated carbon adsorbent was modiﬁed through an
xidation–amination process in an effort to increase its sur-
ace basicity and consequently enhance its CO2 adsorption
apacity. Because the results of this previous study indicatedthat the ammonia-modiﬁed adsorbent exhibited promising
properties in terms of working capacity, desorption capabil-
ity and performance stability, this adsorbent’s behavior was
modeled for subsequent interpretation and simulation.
For the design and simulation of separation processes, the
study of the adsorption equilibria is essential in supplying
the basic information required for developing and validating
models that represent the nature of the adsorption processes
(Cavenati et al., 2004; Grande and Rodrigues, 2004). Although
reliable experimental equilibrium data for some adsorbates on
carbon adsorbents are extensively available in the literature
(An et al., 2009; Garcés et al., 2013), as far as we  know, very few
data have been reported for CO2 adsorption over ammonia-
modiﬁed activated carbons under the conditions used here.
Furthermore, no studies have been conducted to analyze the
CO2 adsorption isotherms over such adsorbents to ﬁt to a
proper isotherm model. Therefore, in the present paper, the
adsorption equilibria of carbon dioxide over the parent GAC
and its ammonia-modiﬁed counterpart (OXA-GAC) at various
operating conditions were obtained and used to ﬁt to an appro-
priate semi-empirical isotherm model. In a future study, the
ﬁndings of the present work will be applied to develop and
verify a mathematical model for describing the adsorption
behavior of CO2 on the ammonia-modiﬁed activated carbon
in a ﬁxed-bed adsorber.
2.  Experimental  and  computational
methods
2.1.  Adsorbent  materials
Earlier, our group optimized the amination conditions of acti-
vated carbon adsorbents in an effort to maximize their CO2
adsorption/desorption capacities (Shafeeyan et al., 2012). The
optimal adsorbent (a pre-oxidized sample that was aminated
at 425 ◦C for 2.12 h) exhibited promising adsorption/desorption
performance during cyclical operations, making it suitable for
practical applications. Therefore, in this work, the optimal
adsorbent (referred to as OXA-GAC) was used as a starting
material. Further details on the adsorbent preparation and
modiﬁcation can be found elsewhere (Shafeeyan et al., 2011,
2012). The commercial granular palm-shell-based activated
carbon (referred to as GAC) evaluated in the present paper was
obtained from Bravo Green Sdn Bhd (Malaysia). The CO2, N2,
and NH3 used in the experiments were of purity greater than
99.99% and were supplied by Air Products.
2.2.  Characterization  of  the  adsorbents
N2 adsorption/desorption at −196 ◦C using a Micromeritics
ASAP 2020 analyzer aided the textural characterization of the
samples. Prior to measurements, the samples were degassed
for 12 h under vacuum at 130 ◦C. The Brunauer–Emmett–Teller
(BET) speciﬁc surface area was calculated using adsorption
data in the relative pressure (P/P0) range of 0.04 to 0.2 (Sing,
1998). The total pore volume (Vtotal) was calculated from the
amount of adsorbed N2 at P/P0 = 0.99. The micropore vol-
ume  (Vmicro) of the studied samples was estimated using the
Dubinin–Radushkevich (DR) equation (Rouquerol et al., 1999).
2.3.  CO2 adsorption  measurementsCO2 adsorption–desorption isotherms of the modiﬁed and
untreated activated carbon samples were measured using
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Fig. 1 – N2 adsorption–desorption isotherms at −196 ◦C of
the modiﬁed and untreated activated carbon adsorbents.
The error bars represent the standard deviation based on
triplicate analysis. For points where the error bars are nota Micromeritics ASAP 2020 instrument, which is a static
volumetric apparatus. The equilibrium experiments were con-
ducted at temperatures of 30, 45 and 60 ◦C and at pressures up
to 1 atm, a typical operating range in adsorption units for CO2
capture from power plants. The adsorption temperature was
controlled by circulating water from a thermostatic bath (Jeio
Tech, model: Lab Companion RW 0525G) with an uncertainty
of ±0.1 K. Using the volumetric method with P–V–T measure-
ments, we  determined the total quantity of gas introduced
into the adsorption system and the quantity that remained
in the system after reaching adsorption equilibrium. Prior to
the CO2 adsorption measurements, known amounts of sam-
ples (e.g., 50–100 mg)  were loaded into the sample tube and
degassed by reducing the pressure to 10−5 mmHg  at 473 K for
15 h to dehydrate and desorb any adsorbed gases. CO2 was
then purged into the sample cell, and the change in adsorp-
tion volume as a function of CO2 partial pressure was recorded.
The ﬁnal adsorption amount at the terminal pressure and
temperature was considered to be the adsorption equilibrium
amount.
2.4.  Adsorption  isotherm  equations
For each modiﬁed and untreated activated carbon adsor-
bent, three isotherms were measured at 30, 45, and 60 ◦C
and at pressures up to 1 atm. To apply the adsorption equi-
librium data to a speciﬁc gas-separation application, an
accurate mathematical representation of the adsorption equi-
librium is required (Esteves et al., 2008). The equilibrium
adsorption isotherm may provide useful insight into the
adsorbate–adsorbent interactions and the surface properties
and afﬁnities of the adsorbent (Foo and Hameed, 2010). For
this purpose, three different pure-species isotherm models
– the Freundlich, Sips, and Toth isotherm equations – were
used to correlate experimental equilibrium results. These
three isotherm models are frequently used for modeling gas-
separation processes.
The Freundlich isotherm can be applied to non-ideal
adsorption on heterogeneous surfaces for a multilayer adsorp-
tion with a non-uniform distribution of adsorption heat. It is
represented as (LeVan et al., 1999):
q = KFP1/mF (1)
The Sips isotherm is a combination of the Freundlich and
the Langmuir isotherm models for predicting the behavior
of heterogeneous adsorption systems. At low surface cover-
ages, it reduces to the Freundlich equation, whereas, at high
adsorbate concentrations, it predicts a monolayer adsorption
capacity that is typical of the Langmuir isotherm. The Sips
equation is given by (LeVan et al., 1999):
q = qm(KSP)
1/mS
1 + (KSP)1/mS
(2)
The Toth isotherm is a Langmuir-based isotherm derived
from potential theory and is commonly used to describe
heterogeneous adsorption processes. It considers a quasi-
Gaussian distribution of site afﬁnities. The Toth isotherm is
written as (LeVan et al., 1999):q = qmKTP(
1 + (KTP)mT
)1/mT (3)visible, the error bars are smaller than the symbols used.
In Eqs. (1)–(3), q represents the adsorbed concentration, P is
the equilibrium pressure, qm is the maximum loading capacity,
Ki is the equilibrium constant (KF) or the afﬁnity parameter (Ks
and Kr), and mi (mF, ms, and mT) is the parameter that refers to
the system heterogeneity.
The next step is to ﬁt the experimental equilibrium adsorp-
tion data to the aforementioned isotherm models and adjust
each set of isotherm parameters. Because of the inher-
ent bias associated with transforming non-linear isotherm
equations into linear forms, several authors have proposed
using a non-linear regression procedure (Ho et al., 2002;
Porter et al., 1999). Accordingly, in the current study, the
parameters of the isotherm equations for each temperature
were obtained by non-linear regression analysis using the
Marquardt–Levenberg algorithm implemented in SigmaPlot
software version 12.0 (Systat Software Inc., USA), with a user-
deﬁned equation added to the Regression Wizard. To quantify
and compare the goodness of ﬁt of the above isotherm mod-
els to the experimental data and adjust each set of isotherm
constants, two different error functions, the average relative
error (ARE) and nonlinear regression coefﬁcient (R2), were
evaluated. The average relative error, which measures the
deviation between the experimental equilibrium data and the
ﬁtted model values, was calculated according to the following
equation (Foo and Hameed, 2010):
ARE(%) = 100
n
n∑
i=1
∣∣∣qmeas − qcal
qmeas
∣∣∣
i
(4)
where n is the number of data points at a given temperature,
and subscripts “meas” and “cal” refer to the measured and
calculated values of q, respectively.
3.  Results  and  discussion
3.1.  Textural  characterization
Fig. 1 represents the N2 equilibrium adsorption isotherms at
−196 ◦C for the untreated and the modiﬁed adsorbents. As evi-
dent in Fig. 1, the isotherms of both adsorbents are of the type I
according to the BDDT (Brunauer, Deming, Deming and Teller)
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Table 1 – Physical characteristics of the activated carbon
adsorbents.
Sample ID SBET (m2 g−1) Vtotal (cm3 g−1) Vmicro (cm3 g−1)
GAC 768 0.387 0.358
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Fig. 2 – (a and b) Experimental adsorption–desorption
isotherms of CO2 on (a) modiﬁed and (b) untreated activated
carbon measured at 30, 45 and 60 ◦C. The error bars
represent the standard deviation based on triplicate
analysis. For points where the error bars are not visible, theOXA-GAC 734 0.381 0.346
lassiﬁcation (Do, 1998), indicating that the pore structure of
he carbon samples is mainly composed of a well developed
icropore volumes. Similarly, as evident from the ﬁgure, both
dsorbents show hysteresis loops at P/P0 > 0.4, which indicates
he presence of certain mesoporosity in the samples. Table 1
ists the apparent surface area (SBET), total pore (Vtotal) and
icropore (Vmicro) volumes of the activated carbon samples
hich are good measures to investigate relative changes in
ore characteristics of these materials. The results showed
hat modiﬁcation slightly decreases the apparent surface area,
otal pore and micropore volumes. For instance, the surface
rea of the modiﬁed adsorbent was of 734 m2 g−1, which rep-
esents 95.6% of the surface area of the untreated adsorbent.
he decrease in porous texture properties is probably due to
he partially blockage of the micropore entrances by nitrogen
unctional groups that occurs during modiﬁcation. However it
an also be associated to the collapse of some adjacent pore
alls during pre-oxidation stage leading to diminished micro-
ore volumes (Rodriguez-Reinoso et al., 1991; Pereira et al.,
003)
.2.  Adsorption  equilibrium  study
he volumetric method of measuring adsorption involves
easuring the pressure change in a known volume of gas
ntroduced to an adsorbent sample. As the gas is adsorbed
nd allowed to reach equilibrium, the measured decrease in
he closed-system pressure yields the amount of gas adsorbed
nder the given conditions (Li and Tezel, 2008). Adsorption and
esorption isotherms of CO2 obtained at temperatures of 30,
5 and 60 ◦C and at pressures up to 1 atm for the ammonia-
odiﬁed and untreated carbon are graphically represented
n Fig. 2a and b, respectively. The ranges for temperature
nd pressure were chosen on the basis that a typical post-
ombustion ﬂue gas contains approximately 10–15% CO2 at
 total pressure of 1 bar and a temperature range of 40–60 ◦C
Mason et al., 2011). As evident in these ﬁgures, for both modi-
ed and unmodiﬁed adsorbent, the concentration of adsorbed
O2 increases with increasing pressure. At a given temper-
ture, the shape of the function M = f (P) (where M is the
ptake at equilibrium pressure P) corresponded to a type I
sotherm (i.e., a monotonically concave isotherm) according to
he International Union of Pure and Applied Chemistry (IUPAC)
lassiﬁcation scheme. A type I isotherm is typically character-
stic of a microporous adsorbent.
The adsorption of CO2 is well established to possibly result
rom physical and/or chemical factors both inﬂuencing the
dsorbent performance (Drage et al., 2007; Maroto-Valer et al.,
005; Pevida et al., 2008a). For the unmodiﬁed adsorbent, CO2
apture with a pure physisorption process was proposed as a
ontrolling mechanism. As evident in Fig. 2a and b, in com-
arison with the unmodiﬁed adsorbent, OXA-GAC exhibited
 higher CO2 uptake, particularly at low partial pressures,
s reﬂected by the steep initial slope of the isotherms. This
nhanced uptake stems from adsorption by the nitrogen
unctional groups in addition to CO2 capture by physi-
al adsorption (Belmabkhout and Sayari, 2009). As the CO2error bars are smaller than the symbols used.
partial pressure increases, the slopes of the OXA-GAC adsorp-
tion isotherms decrease steeply compared with the slopes
of the GAC adsorption isotherms, possibly in response to a
decrease of CO2–nitrogen surface-group interactions. At low
CO2 partial pressures, the contribution of chemisorption to the
total CO2 uptake is more  pronounced, whereas physisorption
within the pores becomes signiﬁcant at higher concentrations
(Serna-Guerrero et al., 2010b). Nevertheless, the general trend
for both adsorption isotherms was a steady increase in CO2
uptake with increasing CO2 pressure. As evident in the ﬁgures,
the CO2 adsorption was strongly dependent on the nitrogen
functionalities: OXA-GAC exhibited a higher uptake than GAC
over the whole pressure range studied. Notably, the reported
values for the amount of carbon dioxide adsorbed were also in
good agreement with the data from the cited literature for vari-
ous ammonia-modiﬁed activated carbons (Pevida et al., 2008b;
Plaza et al., 2009, 2011; Przepiórski et al., 2004).
Moreover, as shown in Fig. 2a and b, both of the adsorbents
adsorbed less CO2 at 45 and 60 ◦C than at 30 ◦C. The observed
decrease in CO2 uptakes at higher temperatures is attributed
to the exothermic nature of the adsorption process, where
both the molecular diffusion rate and the surface adsorption
energy increase with increasing temperature (Maroto-Valer
et al., 2005; Shafeeyan et al., 2011). According to the isothermal
data, at 30 ◦C and atmospheric feed pressure, the amount of
CO2 adsorbed by OXA-GAC was approximately 1.71 mol  kg−1,
46  chemical engineering research and design 1 0 4 ( 2 0 1 5 ) 42–52whereas only approximately 1.12 mol  of CO2/kg of the adsor-
bent was adsorbed at 60 ◦C. However, interestingly, the results
at 45 ◦C and especially at 60 ◦C indicate that, compared to the
unmodiﬁed adsorbent, OXA-GAC exhibited a smaller decrease
in the amount adsorbed with increasing temperature. The
modiﬁed adsorbent did exhibit a decrease in the amount
adsorbed with increasing temperature; however, this decrease
was not as pronounced as the uptake reduction observed for
GAC, where physisorption is the only retention phenomenon.
Because in the high-temperature adsorption, the contribution
of chemisorption to the total adsorption is more  signiﬁcant;
a possible explanation for this observation is the occurrence
of strong chemical reactions between CO2 and incorporated
nitrogen-functionalities on the surface. These observations
are consistent with the studies performed by Do and Wang
(1998) and Na et al. (2001), who reported a decrease in the
amount of CO2 adsorbed onto commercial and Ajax-activated
carbon from 3.2 to 1.6 mmol  g−1 and from 0.75 to 0.11 mmol  g−1
when the temperature was increased from 288 to 328 K and
from 298 to 373 K, respectively, at 1 atm.
Furthermore, the reversibility of the adsorption process
for both studied adsorbents was checked by measuring
desorption isotherms. The isotherms of unmodiﬁed adsor-
bent (Fig. 2b) demonstrated the reversibility of the process at
the various tested temperatures, as shown by the overlapping
of the adsorption and desorption branches of the isotherms.
This behavior is a typical feature of physisorption processes,
where due to the weak adsorbent–adsorbate interactions the
adsorbed molecules can be recovered during the desorption
step as previously observed in many  classical adsorbents such
as activated carbons (Drage et al., 2009), zeolites (Cavenati
et al., 2004) and metal organic framework (Bao et al., 2011).
In comparison with the unmodiﬁed adsorbent, the adsorp-
tion and desorption isotherms of CO2 on OXA-GAC did not
follow the same path, indicating that CO2 chemisorption is
not completely reversible. The partial irreversibility observed
in the isotherms of the modiﬁed sample may partly be a con-
sequence of an irreversible reaction between CO2 and nitrogen
functionalities present on the carbon surfaces after modiﬁca-
tion. The observed increase in the desorption branch of the
isotherms can also be attributed to diffusion resistance of
CO2 caused by the pore blocking with nitrogen surface groups
that hinders the achievement of a strict equilibrium in the
adsorption branch (Calleja et al., 2011; Olea et al., 2013; Bezerra
et al., 2014). The trend seen in the adsorption/desorption
isotherms of the modiﬁed sample is consistent with previ-
ous observations where it was shown that the contribution
of chemisorption to the total CO2 uptake is more  pronounced
at low CO2 partial pressures and/or high-temperature adsorp-
tion.
3.3.  Equilibrium  isotherms  modeling
Isotherm data analysis is generally a prerequisite to establish
an equation that accurately predicts adsorption and that can
be used to designing an adsorption separation process (Ho,
2004). As previously suggested, the overall CO2 adsorption on
the ammonia-modiﬁed activated carbon could be the result
of both physical adsorption within the pores and chemical
adsorption onto the nitrogen surface groups (Shafeeyan et al.,
2011, 2012). Distinguishing between these two mechanisms is
useful in identifying the factors that may affect the rate of the
adsorption process (Lu et al., 2008; Su et al., 2010). Therefore, in
the analysis of the adsorption equilibrium in the present study,we implemented an approach that takes into account the
physical adsorption as well as the enhanced adsorption due
to chemical interactions. A semi-empirical model that consid-
ers the simultaneous occurrence of two independent chemical
and physical adsorption mechanisms for CO2 adsorption can
be expressed as the following equation:
q = qchem + qphys (5)
where q is the overall adsorption of CO2 on ammonia-modiﬁed
activated carbon, qchem represents the CO2 uptake by nitrogen
functionalities and qphys denotes the physical adsorption onto
the porous structure.
According to Serna-Guerrero et al. (2010b), the essential
prerequisite for the applicability of such an approach (assum-
ing no interaction between the species adsorbed on each of the
two types of adsorption sites) is the large difference between
the adsorption energy of each adsorption site which results in
a preferential adsorption of CO2 on one of them at low surface
coverage. Given that our results (Sections 3.2 and 3.4) indicate
(i) an increased adsorption capacity for the modiﬁed adsor-
bent particularly at low concentrations, and (ii) a higher heat
of adsorption for chemisorption at low coverage and reach-
ing that of physisorption on the untreated sample at higher
loading, the application of the above method seems to be
acceptable.
To differentiate the contribution of each independent
mechanism to the total adsorption capacity of the modiﬁed
adsorbent, a procedure was used to calculate qphys on the basis
of the CO2 adsorption data for the untreated activated car-
bon adsorbent. Using the method proposed by Serna-Guerrero
et al. (2010b), the amount of CO2 physisorbed onto the mod-
iﬁed adsorbent was related the CO2 uptake by the untreated
activated carbon under the same operating conditions accord-
ing to the following equation:
qphys@P/P0
S
= qGAC@P/P0
SGAC
(6)
where qGAC and SGAC are the CO2 uptake and surface area of
the untreated adsorbent, respectively, and S is the surface area
of the modiﬁed adsorbent.
Eq. (6) was derived under the assumption that physisorp-
tion does not depend strongly on the nature of the surface
whether it is the untreated adsorbent or its modiﬁed counter-
part. Due to the weak interactions involved in physisorption,
this is a reasonable assumption (Serna-Guerrero et al., 2010b).
Serna-Guerrero et al. (2010b) also provided further evidence of
the applicability of the assumption used in the present study
and extended it to other adsorption processes that combine
the contribution of physisorption and chemisorption mecha-
nisms.
Using the equilibrium adsorption data for GAC, the
corresponding values of qphys for OXA-GAC at different tem-
peratures were determined taking into account the difference
in surface areas, according to Eq. (6). The contribution from
chemical adsorption (qchem) to the total CO2 uptake is then
calculated by subtracting the amount of qphys from the over-
all adsorption uptake (q), measured experimentally for the
modiﬁed sample. The corresponding values of qphys and qchem
for the OXA-GAC adsorbent at different temperatures are
represented in Fig. 3. As evident in this ﬁgure, the amount
of CO2 chemisorbed by the nitrogen functional groups
corresponds to a type I isotherm in the IUPAC classiﬁcation
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Table 3 – Sips isotherm parameters with R2 and ARE for
each independent mechanism at temperatures of 303,
318, and 333 K.
Temperatures
303 K 318 K 333 K
Physical adsorption
qm(mol kg−1) 2.79 1.78 1.42
KS(atm−1) 0.67 0.83 0.92
mS (dimensionless) 1.07 1.04 0.98
R2 0.998 0.998 0.999
ARE (%) 2.52 2.27 1.83
Chemical adsorption
qm(mol kg−1) 0.69 0.55 0.48
KS(atm−1) 10.29 23.06 57.58
mS (dimensionless) 2.02 1.81 1.63
R2 0.983 0.955 0.963
ARE (%) 0.47 1.59 1.34
possibly be adsorbed, decreased with increasing temperature.dsorbent at 30, 45 and 60 C.
cheme, consistent with adsorption due to chemical interac-
ions.
After the contributions of the two independent physisorp-
ion and chemisorption mechanisms were distinguished,
ifferent equilibrium isotherm equations could potentially
e used to correlate equilibrium data. Applying various con-
entional isotherm models, we  can express the terms on the
ight side of Eq. (5) in different forms to describe each of the
echanisms with a proper isotherm model. The main distin-
uishing feature for selecting an appropriate isotherm model
rises from the accuracy as well as simplicity of the equations.
on-idealities in the isotherms mainly stem from the hetero-
eneity of the adsorbent surface, and such heterogeneities
ften occur in the case of activated carbon (Malek and Farooq,
996). From this point of view, three of the most common pure-
pecies isotherm models (i.e., Freundlich, Sips and Toth) that
ave been previously applied to describe adsorption equilibria
n heterogeneous adsorbents were employed in this work.
For each temperature and mechanism, a non-linear regres-
ion method was applied to independently determine the
arameters corresponding to the aforementioned isotherm
odels. The optimal values of the Freundlich, Sips and
oth isotherm parameters are summarized in Tables 2–4,
espectively. To quantitatively compare the quality of the
onlinear regressions for these three models, the average rel-
tive error (ARE) and nonlinear regression coefﬁcient (R2) were
Table 2 – Freundlich isotherm parameters with R2 and
ARE for each independent mechanism at temperatures
of 303, 318, and 333 K.
Temperatures
303 K 318 K 333 K
Physical adsorption
KF
(
mol kg−1 atm−1/mF
)
1.17 0.89 0.65
mF (dimensionless) 1.22 1.38 1.43
R2 0.996 0.994 0.995
ARE (%) 5.54 5.99 5.72
Chemical adsorption
KF
(
mol kg−1 atm−1/mF
)
0.55 0.51 0.49
mF (dimensionless) 11.67 9.60 6.53
R2 0.990 0.930 0.866
ARE (%) 0.69 1.82 5.18calculated; the results are included in Tables 2–4. As evident
in these tables, the parameters of each isotherm model var-
ied when the adsorption mechanism and temperature were
changed. In the Freundlich model, the KF parameter refers to
the adsorption capacity and represents the adsorption quan-
tity per unit equilibrium concentration, whereas the exponent
1/mF is a measure of the adsorbent–adsorbate binding energy
and expresses both the adsorption intensity and the sur-
face heterogeneity (Ferraro et al., 2013). The higher values
of KF obtained for the physisorption mechanism indicated
greater adsorption compared to chemisorption, whereas the
higher values of mFobserved for chemisorption denoted a
more  favorable adsorption and a stronger bond between CO2
and the modiﬁed adsorbent (6 < mF < 12). The heterogeneity of
the adsorbent surface can also be described with the expo-
nent mi in the Sips and Toth isotherm equations (Esteves
et al., 2008). When the surface is homogeneous, mi is equal
to unity and the isotherm expressions reduce to the Lang-
muir equation. In agreement with the Freundlich model, the
obtained values of the surface heterogeneity parameter in
the Toth (mT < 1) and Sips (ms > 1) equations showed a higher
degree of heterogeneous adsorption for CO2 chemisorption.
From Tables 3 and 4, the values of the saturation capacity
parameter (qm), which indicate the maximum amount that canTable 4 – Toth isotherm parameters with R2 and ARE for
each independent mechanism at temperatures of 303,
318, and 333 K.
Temperatures
303 K 318 K 333 K
Physical adsorption
qm(mol kg−1) 3.57 1.96 1.01
KT(atm−1) 0.66 0.99 1.41
mT (dimensionless) 0.65 0.69 0.75
R2 0.999 0.999 0.999
ARE (%) 2.31 2.03 1.67
Chemical adsorption
qm(mol kg−1) 0.69 0.61 0.53
KT(atm−1) 8.14 × 104 3.05 × 105 1.12 × 106
mT (dimensionless) 0.27 0.28 0.29
R2 0.986 0.973 0.991
ARE (%) 0.41 0.94 0.33
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Table 5 – Optimal values of the proposed Toth temperature-dependent parameters.
 ˛ (dimensionless)  (dimensionless) (−H) (kJ mol−1)
Physical adsorption 1.05 12.45  22.23
Chemical adsorption 0.22 
The observed decrease is associated with the exothermicity of
the adsorption process (Ning et al., 2012).
On the basis of the calculated values of ARE and R2
tabulated in Tables 2–4, both the Sips and Toth isotherms
were capable of ﬁtting the equilibrium data over a broad
range of experimental conditions. However, the Toth equation,
which involves a symmetrical quasi-Gaussian distribution of
adsorption sites, provided a slightly better ﬁt. The low values
obtained for the ARE (in no case greater than 3%), as well as
the high values of the nonlinear regression coefﬁcient (very
near unity, R2 ≥ 0.97), indicate the goodness of the ﬁt. There-
fore, compared to the Freundlich and Sips models, the Toth
equation is more  accurate and more  capable of describing the
CO2 adsorption isotherms over the ammonia-modiﬁed adsor-
bent. Thus, only the Toth model was used here to illustrate the
quality of its ﬁt to the experimental equilibrium data (Fig. 4).
The complete form of the proposed semi-empirical model is
expressed as follows:
q =
[
qmKTP(
1 + (KTP)mT
)1/mT
]
phys
+
[
qmKTP(
1 + (KTP)mT
)1/mT
]
chem
(7)
where the subscripts “phys” and “chem” indicate the con-
tributions of each independent mechanism to the total CO2
uptake.
To express the temperature dependence of the Toth
isotherm parameters for the purpose of interpolating or
extrapolating the equilibrium data to various temperatures,
as well as determining the isosteric enthalpy of adsorption,Fig. 4 – Graphical evaluation of the ﬁt of the experimental
equilibrium data to the proposed model for the modiﬁed
adsorbent, whose parameters are presented in
Tables 4 and 5. The surface is the global isotherm model,
and the black and white circles show the experimental data
at 303, 318 and 333 K.2.62 73.24
the parameters, Ki, qm and mi are described by the following
equations (Li and Tezel, 2008):
KT = KT0 exp
[
− H
RT0
(
T0 − T
T
)]
(8)
qm = qm0 exp
[

(
T0 − T
T0
)]
(9)
mT = mT0 + ˛
(
T − T0
T
)
(10)
where T is the absolute temperature (K), T0 is the reference
temperature and was taken as 303 K, Ki0 and mi0 are the afﬁnity
and heterogeneity parameters at the reference temperature,
respectively,  ˛ and  are constant parameters, (−H) is the
isosteric heat of adsorption at zero coverage (kJ mol−1), and R
is the gas-law constant (J mol−1 K−1).
The optimal parameter values for both the chemical and
physical adsorption mechanisms were obtained by nonlinear
regression; the results are presented in Table 5. The surface
obtained from the global ﬁtting of the aforementioned model
to the experimental data (Fig. 4) shows that the equilibrium
data are described well for all temperatures when the adsorp-
tion isotherm plotted according to the proposed Toth equation
is used.
Because  is the parameter that reﬂects the temperature
dependence of qm in the Toth isotherm (Eq. (9)), the lower
values of  obtained for the chemisorption compared to the
physisorption (Table 5) imply that, within the temperature
range studied, the chemical adsorption mechanism exhib-
ited a greater tendency to remain the same with changes in
temperature. Furthermore, compared with physical adsorp-
tion, the chemisorption mechanism presented larger values
of Ki (for instance, qchem (8.14 × 104 atm−1) compared to qphys
(6.6 × 10−1 atm−1) at 303 K), which is attributed to the strength
of the adsorbate–adsorbent interactions for the chemisorption
mechanism (Do, 1998).
3.4.  Isosteric  heat  of  adsorption
The isosteric heat of adsorption is a critical parameter for
designing and operating an adsorption-based separation pro-
cess such as PSA. It is a measure of the interaction between
the adsorbate molecules and the surface of the adsorbent,
and it can be obtained from the temperature dependence
of the adsorption isotherm (Esteves et al., 2008; Ning et al.,
2012). The isosteric heat of adsorption, Qst, also denoted as
−H(kJ mol−1), at a speciﬁc adsorbate loading can be esti-
mated using the Clausius–Clapeyron equation as follows (Park
et al., 2002):
−Qst
R
=
(
∂ ln P
∂1/T
)
qa
(11)
where qa is a speciﬁc surface loading (mol kg−1).
Integration of Eq. (11) enables the calculation of Qst
by knowing the differential partial pressure change as a
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modiﬁed and (b) untreated adsorbent in the temperature
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unction of a differential change in system temperature for
 given adsorbed amount:
st = R
[
ln P1 − ln P2
1/T2 − 1/T1
]
qa
(12)
Therefore, the isosteric heats are obtained from the slopes
f the lines in the plots of ln P vs. 1/T  for the same adsorp-
ion amount for the different isotherms. In the present study,
he experimental isotherms at the three temperatures of 303,
18, and 333 K for a given adsorption amount (from 0.2 to
.2 mol  kg−1 in 0.2 mol  kg−1 increments) were used to measure
he isosteric enthalpies of adsorption for OXA-GAC and GAC
dsorbents (see Fig. 5a and b). The observed linear behavior
s based on the assumption that, over the temperature range
nvestigated, the isosteric heat of adsorption is independent
f temperature and depends only on the surface coverage.
n practice, the assumption of temperature independence of
he heat of adsorption was shown to be valid for the pres-
ure and loading estimations (Berlier and Frère, 1996; Esteves
t al., 2008). Notably, consistent with the exothermic character
f the adsorption process, negative Qst values were attained
t 303–333 K, indicating that the entropy was reduced in the
ystem.
The isosteric enthalpy changes accompanying adsorption
an be used to examine the molecular-scale interac-
ions between the adsorbate molecules and the adsorbent.for CO2 adsorption on the GAC and the OXA-GAC.
Moreover, information regarding the magnitude of the adsorp-
tion enthalpy and its surface coverage dependence can be used
as criteria for determining the energetic heterogeneity of a
solid surface (Belmabkhout and Sayari, 2009; Park et al., 2002).
The isosteric heat is independent of the surface coverage when
no interaction occurs between adsorbed molecules, and the
surface is energetically homogeneous. However, a variation
of the isosteric heats with the surface loading indicates the
existence of different levels of surface energy and heterogene-
ity of the adsorbent surface (Ning et al., 2012). Fig. 6 depicts
the variation of Qst (calculated using the Clausius–Clapeyron
equation) as a function of the amount of CO2 adsorbed for
the OXA-GAC and GAC adsorbents. As evident in the ﬁgure,
the unmodiﬁed adsorbent exhibited approximately constant
values of Qst for different CO2 loadings, indicating the uni-
form nature of the adsorbent surface. Notably, the obtained
initial heat of adsorption for GAC (25.5 kJ mol−1) corresponds
closely to the value of −H (22.2 kJ mol−1) calculated from the
temperature-dependent parameters of the proposed model
for qphys and is also of the same order of magnitude as the
typical values for commercial activated carbon reported in
the literature (Chue et al., 1995; Esteves et al., 2008; Garcés
et al., 2013; Himeno et al., 2005; Van Der Vaart et al., 2000).
In contrast, OXA-GAC exhibited rather high values of Qst at
the low range of loading, which reﬂects the relatively strong
chemical interactions between CO2 and the basic nitrogen
functionalities.
The isosteric enthalpy of adsorption over OXA-GAC
decreases with increasing CO2 surface loading until it
approaches values similar to those of the untreated carbon
adsorbent. The observed decrease with increasing loading is
attributed to the high degree of heterogeneity of the adsor-
bent surface (Belmabkhout and Sayari, 2009). At the beginning
of the adsorption process, only the most active adsorption
sites are ﬁlled, the activation energy is low and the heat of
adsorption is high. With increasing surface coverage, less-
active adsorption sites start to be occupied, thereby increasing
the activation energy and decreasing the heat of adsorption
(Himeno et al., 2007; Ning et al., 2012; Zhao et al., 2009).
The observed heats of adsorption for the ammonia-modiﬁed
adsorbent clearly demonstrate the strong and weak interac-
tions of the nitrogen surface groups with CO2 at low and high
coverages, respectively. Notably, the Qst value obtained at low
−1coverage (70.5 kJ mol ) is consistent with the value calculated
from the proposed Toth parameter Ki for qchem (73.2 kJ mol−1)
50  chemical engineering research and design 1 0 4 ( 2 0 1 5 ) 42–52at zero loading and is in the range of values for typical cases
of CO2 chemisorption (60 to 90 kJ mol−1) (Samanta et al., 2011).
Indeed, this value is higher than that for a physical interac-
tion but lower than that for a strong chemical interaction.
In addition, in agreement with the observed inﬂection in the
isotherms for CO2 adsorption over the OXA-GAC adsorbent
(see Fig. 2a), a corresponding curvature in the plot of the
isosteric heat vs. coverage was detected, coinciding with the
saturation of the most active adsorption sites (indicated by an
arrow in Fig. 6). The observed variation of the slope of the Qst
vs. CO2 loading curve clearly reﬂects the occurrence of two
independent adsorption mechanisms.
4.  Conclusions
The adsorption equilibria of carbon dioxide on an untreated
GAC and its ammonia-modiﬁed counterpart were investigated
over the temperature and pressure range of 303 to 333 K and
up to pressures of 1 atm. Compared to untreated carbon, the
OXA-GAC adsorbent exhibited a higher CO2 uptake, particu-
larly at low partial pressures. To distinguish the contribution of
chemisorption and physisorption mechanisms to the overall
CO2 adsorption, we  developed a semi-empirical equilibrium
model. A non-linear regression method was employed to
estimate the best ﬁtting parameters corresponding to the
isotherm model. An analysis of the calculated statistical
parameters indicated that the proposed model successfully
ﬁt the experimental data over the entire analyzed ranges
of temperature and pressure. The initial isosteric enthalpy
of adsorption calculated using the Clausius–Clapeyron equa-
tion indicated a sharp increase in CO2–adsorbent interaction
after ammonia modiﬁcation of the untreated adsorbent,
consistent with a dramatic uptake of CO2 at low partial
pressures. The heats of adsorption calculated using the
temperature-dependent parameters of the proposed model
for physisorption and chemisorption of CO2 onto the mod-
iﬁed adsorbent were in excellent agreement with the heats
of adsorption obtained from the experimental data. The ﬁnd-
ings of the present study are intended to be applied in future
studies for developing and verifying a mathematical model
capable of simulating the dynamic behavior of the ﬁxed-bed
adsorption of carbon dioxide.
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